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Despite much focus on species responses to environmental variation through space and time, many higher taxa and geographic
areas remain poorly studied. We report the effects of temperature acclimation on thermal tolerance, desiccation rate and metabolic
rate for adult Chirodica chalcoptera (Coleoptera: Chrysomelidae) collected from Protea nerifolia inflorescences in the Fynbos Biome
in South Africa. After 7 days of acclimation at 12, 19 and 25 1C, critical thermal maxima (mean7s.e.: 41.870.2 1C in field-fresh
beetles) showed less response (o1 1C change) to temperature acclimation than did the onset of the critical thermal minima (0.170.2,
1.070.2 and 2.370.2 1C, respectively). Freezing was lethal in C. chalcoptera (field-fresh SCP 14.6 1C) and these beetles also
showed pre-freeze mortality. Survival of 2 h at 10.1 1C increased from 20% to 76% after a 2 h pre-exposure to 2 1C, indicating
rapid cold hardening. Metabolic rate, measured at 25 1C and adjusted by ANCOVA for mass variation, did not differ between males
and females (2.77270.471 and 2.51770.560ml CO2 h
1
, respectively), but was higher in 25 1C-acclimated beetles relative to the field-
fresh and 12 1C-acclimated beetles. Body water content and desiccation rate did not differ between males and females and did not
respond significantly to acclimation. We place these data in the context of measured inflorescence and ambient temperatures, and
predict that climate change for the region could have effects on this species, in turn possibly affecting local ecosystem functioning.
r 2005 Elsevier Ltd. All rights reserved.
Keywords: Cold hardiness; Macrophysiology; Metabolic cold adaptation; Scaling; Temperature tolerance1. Introduction
The ways in which physiological responses vary
through space and the extent to which phenotypic
plasticity might effect a change in these responses overe front matter r 2005 Elsevier Ltd. All rights reserved.
sphys.2005.04.016
ing author. Tel.: +2721 808 2605;
2405.
ess: jst@sun.ac.za (J.S. Terblanche).
ress: Department of Biological Sciences, University of
egas, NV 89154-4004, USA.
ess: School of Life Sciences, Box 874501, Arizona State
pe AZ 85287-4501, USA.time are enjoying renewed interest, most notably
because of concerns about climate change effects on
biota, and an increase in the sophistication of molecular
and genomic tools to investigate these questions (Feder
and Mitchell-Olds, 2003; Hoffmann et al., 2003; Chown
and Nicolson, 2004). In insects, spatially explicit work
has revealed several significant patterns. First, responses
to high and low temperature are decoupled, lower lethal
temperature limits typically respond more strongly to
acclimation and to natural selection than upper lethal
limits, and it appears that phenotypic plasticity can
account for much of the response shown by insects
ARTICLE IN PRESS
J.S. Terblanche et al. / Journal of Insect Physiology 51 (2005) 1013–10231014(reviewed in Chown and Nicolson, 2004; see also
Ayrinhac et al., 2004; Hoffmann et al., 2005). Second,
metabolic rate does not seem to vary with environ-
mental temperature (Addo-Bediako et al., 2002), nor
does it always scale as mass0.75 (Lighton and Fielden,
1995). Third, desiccation resistance generally varies in a
direction that is consistent with adaptive responses to
environmental water availability (Edney, 1977; Gibbs et
al., 1997; Addo-Bediako et al., 2001), and responds
predictably to acclimation at given humidity conditions
(Hoffmann, 1990; Sjursen et al., 2001).
These patterns are all controversial for different
reasons. In the first case, several studies have shown
that decoupling of upper and lower lethal limits is not
typical of all species (Hoffmann et al., 2002; Sgrò and
Blows, 2004), and most investigations are undertaken
using model species, leaving several groups and geo-
graphic regions under-represented (Chown et al., 2002;
Klok and Chown, 2003). As far as metabolic rate
variation is concerned, the metabolic theory of ecology
predicts that metabolic rate should covary with envir-
onmental temperature and should scale as mass0.75
(Gillooly et al., 2001; Brown et al., 2004). In insects, this
does not seem to be the case, although the data are
equivocal (Lighton and Fielden, 1995; Chown and
Gaston, 1999; Addo-Bediako et al., 2002), largely
because several groups and areas are again under-
represented amongst the information that is available
(e.g. Duncan et al., 2002). In the last instance, the
controversy concerns not so much the fact that
desiccation resistance should vary with water availabil-
ity, but rather which routes of water loss are likely to
vary the most and how strong a temperature acclimation
response is likely to be, if it is at all extant (Chown, 2002;
Gibbs et al., 1998). Indeed, thermal acclimation effects
on desiccation resistance have been investigated in only
a few instances (Hoffmann, 1990; Hoffmann and
Watson, 1993; Hoffmann et al., 2005).
A theme common to the debate in each of these fields
is that whilst useful data on model organisms continue
to accumulate apace, broader scale studies, which can
usefully complement these investigations (see Kingsolver
and Huey, 1998) are compromised by an absence of
information from many areas and taxa, and by an
absence of information on a variety of traits for the
same species (Chown et al., 2002). Indeed, information
on the full range of ecophysiological traits is available
for only a handful of species (Chown and Nicolson,
2004). There are several ways in which these problems
might be addressed (see e.g. Zachariassen et al., 1987),
of which the accumulation of information on a variety
of traits for poorly represented taxa from little studied
environments is a significant one. This is particularly
true for environments that are not considered ‘‘stress-
ful’’, and so have had little attention paid to their
constituent species because ‘‘clear-cut’’, significantresponses are unexpected (for additional discussion see
Feder et al., 1987).
In this paper, we therefore provide data on the
responses of critical thermal limits, metabolic rate and
desiccation resistance to temperature acclimation from a
species that is a member of a diverse higher taxon, the
Chrysomelidae, which is poorly represented in the
physiological literature. This species also occurs in a
geographic area that is not considered particularly
climatically stressful–the Fynbos Biome of South Africa.
Specifically, we determine: (i) whether the strength of the
acclimation response is the same for both critical
thermal minima and maxima; (ii) what, if any, is the
extent of the response of desiccation resistance to
treatment temperature; (iii) whether there is conserva-
tion of metabolic rate with given different treatment
temperatures, and how the metabolic rate of this species
compares with other similar-sized beetles. Rapid cold
hardening in insects from environments that may not be
thermally ‘extreme’ has not been widely investigated
(Chown and Nicolson, 2004). Therefore, we include
investigations of both cold hardiness and rapid cold
hardening. Information on the microclimate of this
species is provided because comprehension of the
survival strategies of insects cannot be achieved without
it (Baust and Rojas, 1985; Bale, 1991).2. Methods and materials
2.1. Study site, collection and animal maintenance
Adult Chirodica chalcoptera Germar (Coleoptera:
Chrysomelidae, Alticinae), which are winged and flight
capable, were obtained from Protea nerifolia inflores-
cences. One or two inflorescences per plant (total plants
sampled 10–14) were removed from Swartboskloof
(18.58 1E 33.60 1S, 350m a.s.l.) in the Cape Floral
Kingdom (Fynbos Biome), Jonkershoek Nature Reserve
near Stellenbosch, South Africa. Each inflorescence
contained in excess of 50 beetles and five inflorescences
were used per temperature treatment, giving a total of 30
inflorescences. ‘Field-fresh’ beetles were returned to the
laboratory and kept as for acclimations (see below), but
at room temperature (18–21 1C) under ambient light.
The cut inflorescences were placed in jars of water in
groups of five inside mesh-topped buckets. For acclima-
tion groups, the buckets were then randomly assigned to
one of three incubators (Labcon, South Africa) that
regulated temperature at either 12 1C (range:
12.0–12.5 1C), 19 1C (range: 19.0–19.5 1C), or 24 1C
(22.5–25 1C) (all with 12:12 H L:D) and kept there for
7 days. Within 2 days of collection from the field, or
upon completion of the acclimation period, the beetles
were then shaken from the inflorescences and used
immediately. For logistic reasons, the acclimation
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blocks approximately 2 weeks apart, each with a 19 1C
and a second temperature treatment. All analyses were
preceded by a comparison of the two 19 1C acclimation
treatments to ensure that there was no experimental
block effect on the physiological parameters. Because no
block effect was found (e.g. critical thermal minima
onset: P40:9), all data for the 19 1C treatment were
pooled for analyses. A further acclimation at 29 1C was
abandoned due to high mortality in the beetles.
Mortality in acclimation cages at other temperatures
was negligible and was mostly a result of beetles
drowning in the water in which the inflorescences were
kept. The large volume of free water inside each
container resulted in high (480%) relative humidity,
and it is therefore unlikely that the beetles experienced
desiccation stress during acclimation.
Initially, as part of a pilot trial that would allow sex
identification, fresh and dry body masses in a group of
124 beetles were determined, before proceeding with
field-fresh physiology. Fresh mass was determined
within 2 days of collection from the field (0.1mg,
Mettler Toledo AX 504; Columbus, OH, USA). Beetles
were dried in an oven at 55–60 1C for 3 days to constant
mass, re-weighed, and sexed.
All live beetles used for experimental purposes in
respirometry recording, desiccation and thermal toler-
ance determination were carefully handled only by
manipulation with plastic cuvettes to reduce the like-
lihood of cuticular abrasion (see Machin et al., 1991).
With the exception of supercooling point (SCP) and
rapid cold hardening (RCH) determination, beetles were
not handled with forceps or by hand.
2.2. Critical thermal limits
Methods similar to those described by Klok and
Chown (2003) were used. Individual beetles were placed
in one of 10 water-jacketed chambers connected to a
programmable water bath (Grant LTC12, Grant In-
struments, Cambridge, UK). The beetles were allowed
to equilibrate for 10min at either 6 or 35 1C before
minimum and maximum critical thermal limit assess-
ments, respectively, commenced. After equilibration, the
temperature of the chambers was raised or lowered at
0.25 1Cmin1. The temperature of onset of critical
thermal minimum (CTMinOnset) was recorded for each
individual when coordinated muscle function was lost
during the decline in temperature. Thereafter the
chamber temperature was lowered 0.5 1C below the
CTMinOnset recorded for the last beetle and held for
5min at this temperature before being raised again at
0.25 1Cmin1. As the temperatures increased, the
recovery of the beetles from cold stupor was recorded
as CTMinRecovery until all beetles had regained full
motor coordination. During the CTMinRecovery assess-ment the beetles were vigorously agitated by probing
them with a non-conducting plastic rod at least once in
every 0.1 1C per individual to elicit an escape response
and to ensure that the beetles did not remain inactive
beyond their actual CTMinRecovery temperature. Critical
thermal maximum (CTMax) was recorded at the onset
of muscle spasms during increasing temperatures (see
Lutterschmidt and Hutchison, 1997). Groups of 10
beetles were assessed at once, and wherever possible,
two CTMin and CTMax trials were conducted for each
acclimation treatment and for the field-fresh group at
similar times of the day.
2.3. Cold hardiness, rapid cold hardening and
supercooling points
The cold hardiness of C. chalcoptera and its capacity
for rapid cold hardening were determined only in field-
fresh individuals. For the former, field-fresh beetles were
individually placed into 200 ml pipette tips in contact
with a 44-SWG type-T thermocouple connected to a
computer via two 8-channel Pico Tech TC-08 thermo-
couple interfaces (Pico Technology Ltd., Cambridge,
UK), and data were logged using the associated
software. The pipette tips were placed in an aluminium
block cooled by Peltier modules and equilibrated for
15min at 5 1C before being cooled to a predetermined
test temperature at 0.1 1Cmin1. After being held at the
test temperature for 2 h, the beetles were re-warmed and
placed individually into pierced 1.5ml microcentrifuge
tubes over distilled water for survival assessment after
24 h. Beetles were classified as alive if they displayed a
righting response and were capable of coordinated
walking: in practice, all surviving beetles would cling
to the lid of the microcentrifuge tube. Each beetle could
be associated with its temperature trace, and the
presence of an exotherm indicated that a beetle had
frozen. In those individuals that froze, the temperature
recorded immediately prior to the exotherm was noted
as the supercooling point (SCP) (Lee, 1991). Fifteen
beetles were used at each of four test temperatures
(1.6, 5.8, 9.9 and 14.4 1C), and an LLT50 (lower
lethal temperature at which 50% mortality is predicted)
was calculated using PROC LOGISTIC in SAS 9.1
(SAS Institute Inc., Cary, NC, USA).
Rapid cold hardening (RCH) was assessed using a
mortality assay, following Lee et al. (1987), at a
discriminating temperature of 10.1 1C. This discrimi-
nating temperature was determined by rapidly exposing
field-fresh beetles, placed in groups of 5 into 1.5ml
microcentrifuge tubes, for 2 h in a water bath (Grant
LTD20, Grant Instruments, Cambridge, UK) set to six
temperatures between 0 and 12.5 1C. The beetles
(n ¼ 5 groups per assessment) were then removed from
the water bath and placed in their groups into each of
five Petri dishes per temperature treatment, with wet
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temperature was chosen as the temperature at which
survival declined below 30% following assessment after
24 h. To determine whether the species showed RCH,
field-fresh beetles were placed in groups of 5 into 1.5ml
microcentrifuge tubes (n ¼ 5 tubes per treatment) and
held for a 2 h pre-treatment period either in the Peltier
cooling device, which regulated temperature either at 0
or at 2.1 1C, or in an incubator at 19 1C (control). The
beetles were then exposed to the discriminating tem-
perature following the protocol above (2 h at 10.1 1C)
and removed to Petri dishes with wet cotton wool for
assessment of recovery following 24 h at 19 1C (12:12
L:D). Because the improvement of survival over the
control group was of interest (rather than comparisons
between treatments), survival was compared indepen-
dently between each treatment and the control using a
two-sample t-statistic (Sokal and Rohlf, 1995), the
significance of which was tested in a resampling-with-
out-replacement protocol on Resampling Stats for Excel
(Resampling Stats Inc., Arlington, VA, USA).
The effect of the acclimation treatments on super-
cooling points was determined as follows. Following
acclimation for 7 days, beetles were placed in pipette tips
in contact with a thermocouple, and then placed in the
Peltier-cooled device as described above. They were
allowed to equilibrate for 15min at 5 1C before being
cooled at 0.1 1Cmin1 to 30 1C. SCP distributions
were examined for bimodality and absolute (i.e.
positivized) SCP values were compared between treat-
ment temperatures using Generalized Linear models
(GLZ) assuming a Poisson distribution, because the
data are bounded by 0 at the upper end, and using an
identity link function in Statistica Version 6.1 (Statsoft,
Tulsa, OK , USA).
2.4. Desiccation rate
Desiccation rate was determined in flowing air
(FAD–flowing air desiccation, o5% relative humidity)
at 25.071.0 1C. Beetles were individually weighed and
then placed into each of sixteen 5ml cuvettes. Room air
was pumped through silica gel and Drierite columns
using an aquarium pump and then passed through a
mass flow controller (Side-Trak, Sierra Instruments Inc.,
Monterey, CA, USA) to a Sable Systems MF8 airflow
manifold (Sable Systems Inc., Las Vegas, NV, USA).
Each outflow channel of the manifold was split so that
two cuvettes were served per channel. The mass flow
controller was set to produce an airflow rate of
50mlmin1/cuvette. Following 1 h of desiccation, bee-
tles were re-weighed and water loss rate estimated as the
difference between the initial and final masses per unit
time. Mass loss rates were estimated simultaneously,
using a similar gravimetic technique for a control group
of 16 beetles held individually in perforated cuvettesover distilled water at 25 1C to determine rate of mass
loss under non-desiccating conditions.
2.5. Metabolic rate
Metabolic rates were recorded using flow-through
respirometry (methods described in Terblanche et al.,
2004). In brief, an LI-6262 (LiCor, Lincoln, Nebraska)
infrared gas analyzer was connected to a Sable Systems
eight channel multiplexer (n ¼ 7 beetles plus an empty
cuvette for base-line recordings), which provided a
14min metabolic rate-recording period for each beetle
consecutively from cuvettes 1 to 7. Cuvette 1 was also
placed into a Sable Systems AD-1 activity detector to
monitor activity. The entire multiplexer system was
housed within a Sable Systems PTC-1 temperature-
controlled cabinet set at 25 1C. Active periods and quiet
periods were identified on the activity detector output
and the corresponding respirometry patterns noted.
Quiet periods were clear on the respirometry traces and
similar periods on the traces from cuvettes 2–7 were
used to obtain standard metabolic rate for all indivi-
duals. Carbon dioxide output was expressed as ml
CO2 h
1 at standard temperature and pressure. The
effect of acclimation on standard metabolic rate (SMR)
was determined using analyses of covariance (ANCO-
VA) with mean experimental body mass ((start mass+
end mass)/2) as the covariate and acclimation tempera-
ture as the grouping variable.
The mass scaling of metabolic rate for the Coleoptera
was determined by extracting standard metabolic rate
and body mass data from the modern Anglophone
literature with greatest emphasis on the last 50 years.
Only studies that reported mass and resting metabolic
rate were included. In some cases, the author’s equations
were used to calculate body mass and/or metabolic
rates. When respiratory quotients (RQ) were not
presented, and in the case of C. chalcoptera, an RQ of
0.84 was used (following Addo-Bediako et al., 2002). If
sex-related metabolic rate variation was reported in a
particular study, the sex with the lowest metabolic rate
(and its corresponding body mass) was used in the
database. In cases where no difference between sexes
was reported, metabolic rates presented separately for
males and females by the investigators were pooled to
obtain a single species’ estimate. When only dry body
mass was presented, beetle fresh (live) mass was
estimated by assuming a body water content of 67%.
In several cases, the same species was represented more
than once in the literature, and therefore, the following
selection criteria were used to select a single SMR value.
First, flow-through respirometry was given the highest
priority. Second, if respirometry techniques were similar
among studies, the study that recorded metabolic rate
closest to 25 1C was selected. Finally, when all else was
equal, and for lack of better a priori assumptions, the
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tures in the data finally used ranged from 15–30 1C.
Metabolic rates were therefore all adjusted to a single
temperature, 25 1C, assuming a Q10 of 2.5 (when none
was provided by the authors). Thus, for the present
analyses, a mass-scaling relationship was obtained using
temperature-adjusted log10 mW data.
2.6. Microclimate temperatures
To gain an indication of the thermal environment
experienced by beetles in the inflorescence habitat in the
field, microclimate temperatures (70.5 1C) in Swart-
boskloof were monitored every 30min using calibrated
iButton thermochron dataloggers (Dallas Semiconduc-
tors, Dallas, TX, USA) from 29 May to 5 July 2004. The
iButtons were attached to a 30 cm thin plastic strip
(5mm wide 1mm thick), and a hole made through the
base of the Protea spp. inflorescence. The plastic strip
was threaded through the hole from the opening of the
flower, and then used to pull the iButton as far into the
inflorescence as possible (c. 12–15 cm). Inflorescences of
Protea nerifolia (n ¼ 5) and P. repens (n ¼ 3) 1.5–1.8m
above the ground were chosen, and inflorescences of the
same species mounted with data loggers were a
minimum of 10m apart. Shaded iButtons (n ¼ 5)
mounted on Protea branches at the same height aboveTable 1
Summary statistics for shaded air temperatures and temperatures recorded in




Mean maximum7s.e. (1C) 28.771.4
Absolute maximum (1C) 32.0
Mean minimum7s.e. (1C) 2.270.2
Absolute minimum (1C) 2.0
Events 425 1C Mean 8.8
Max. 19.0
Min. 0.0
Time 425 1C (h) Mean 24.8
Max. 50.0
Min. 0.0
Events o12 1C Mean 45.8A
Max. 49.0
Min. 43.0
Timeo12 1C (h) Mean 562.1A
Max. 591.0
Min. 518.0
Chirodica chalcoptera (Coleoptera: Chrysomelidae) are abundant in these flow
cap letters represent statistically homogeneous groups (non-parametric mult
aKruskal–Wallis (DF ¼ 2; n ¼ 13).
bNo difference in non-parametric multiple comparison test.the ground, and on the same plant as the inflorescences
within which temperature was measured, were used to
record outside air temperature.
Mean, minimum and maximum temperatures of air
inside the inflorescences and the ambient environment
were calculated using an MS-Excel implementation of
the microclimate macros developed by Sinclair (2001).
The number of events and time spent above 25 1C
(maximum treatment temperature), and the number of
events and time spent below 12 1C (minimum treatment
temperature) were determined for each logger. These
were compared between the two species’ inflorescences
and outside air temperature using Kruskal–Wallis Rank
ANOVA on Statistica 6.1 followed by non-parametric
multiple comparisons.3. Results
3.1. Microclimate temperatures
Microclimate and shaded air temperatures showed
much diurnal variation. The absolute maximum field
temperatures, as well as the number of events (but not
the amount of time) above 25 1C were highest in P.
repens inflorescences, followed by P. nerifolia inflores-
cences and then by the shaded air sites (Table 1). Byinflorescences of P. repens, P. nerifolia over 38 days in Swartboskloof,
004








14.3 3.0 6.25 o0.044b
23.0 3.0
6.0 3.0
35.7 10.4 5.29 0.071b
74.0 11.0
12.5 9.5
51.3A 74.6B 10.61 o0.005
53.0 80.0
15.0 66.0
489.3B 493.4A,B 7.31 o0.026
510.0 534.5
460.0 411.0
ers during the austral late summer and early winter. Similar superscript
iple comparisons).
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fewer events below 12 1C than the shaded sites, although
P. nerifolia habitats spent significantly more time below
12 1C than P. repens (Table 1). Sub-zero temperatures
were not recorded at any time during the monitoring
period.
3.2. Critical thermal limits
Critical thermal maxima did not differ between the
12 1C-acclimated and field-fresh groups (Table 2).
However, CTMax of 19 1C-acclimated beetles were
significantly lower by c. 0.8 1C than that of the 12 1C-
acclimated and field-fresh groups (Table 2). CTMinOnset
of field-fresh and 12 1C-acclimated beetles did not
differ significantly, but were significantly lower than
the CTMinOnset of beetles acclimated to 19 and 25 1C
(Table 2). CTMinRecovery tended to be higher in beetles
exposed to the higher treatment temperatures, but the
patterns were not as clear as they were for CTMinOnset,
until correction for experimental duration was incorpo-
rated into the analyses (Table 2). Overall, CTMax varied
by less than 1 1C over the treatment temperatures,
whereas variation was slightly higher for CTMin
(noting, however, that CTMax values for 25 1C-accli-
mated beetles are missing because of the death of beetles
from the acclimation treatment).
3.3. Cold hardiness, rapid cold hardening and
supercooling points
All beetles for which freezing events were recorded
died. In addition, all the individuals that did not freezeTable 2
Physiological variation in field-collected (FF) and laboratory temperature-ac
Physiological variable FF 12 1C a






a (1C) 7.870.3A, B 6.77
CTMinRecovery
b (1C) 5.970.3 5.67
N 20 10
Mass-independent desiccation ratec (mg H2Oh
1) 0.36070.059 0.244
N 12 7
Mass-independent metabolic rated (ml CO2 h
1) 2.45670.661A 3.657
N 12 7
Mass-independent rates are presented as least-squares means adjusted for bo
exposure are also given for CTMinRecovery (ANCOVA: duration of experi
simultaneous comparisons of FF, 12, 19 and 25 1C acclimation groups. Sim
(non-parametric multiple comparisons).
aANOVA.
bANCOVA, covariate: experimental duration (time in min).
cANCOVA, covariate: log10 mean experimental body mass.
dANCOVA, covariate: log10 mean experimental body mass.when exposed to 14.4 1C (8/15) died at this tempera-
ture, and four of 13 beetles that remained unfrozen at
9.9 1C also died, demonstrating pre-freeze mortality in
this species. The approximate LLT50 of this species was
estimated at 10.1 1C from logistic regression. Survival
of 10.1 1C (20%) was significantly improved by a 2 h
pre-treatment at 0 1C (54%; P ¼ 0:029) or 2 1C (76%;
P ¼ 0:004), indicating a substantial rapid cold hard-
ening response.
Supercooling points were unimodally distributed but
right-skewed in some cases (FF: Shapiro-Wilk
W ¼ 0:963, P ¼ 0:28; 12 1C Acclimation: right-skewed,
W ¼ 0:713, P ¼ 0:009; 19 1C Acclimation (8 June):
right-skewed, W ¼ 0:930, P ¼ 0:049; 19 1C Acclimation
(21 June): W ¼ 0:921, P ¼ 0:33; 25 1C: W ¼ 0:918,
P ¼ 0:105). Only six SCP values were obtained from
the 12 1C treatment (median7upper, lower quartile:
8.778.6, 8.8), and they were therefore excluded
from the analyses. SCPs did not differ between the two
19 1C treatments (median of pooled treatments7upper,
lower quartile (N): 13.5711.5, 14.7 (41)); compar-
ison: Wald w2 ¼ 0:228, df ¼ 2, P ¼ 0:88), nor between
either of those and the field fresh (median7upper, lower
quartile (N): 14.6711.4, 17.4 (35)) and 25 1C
treatments (median7upper, lower quartile (N):
13.1712.4, 14.5 (19); Wald w2 ¼ 2:458, df ¼ 2,
P ¼ 0:293).
3.4. Desiccation rate and body size
In most cases, live and dry body masses of male
and female field-fresh C. chalcoptera examined sepa-
rately were not normally distributed (Po0:1020:0001).climated C. chalcoptera beetles
cclimation 19 1C acclimation 25 1C acclimation F P
0.3A 41.070.3B 3.279 0.049
10
0.2A 1.070.2B 2.370.2C 50.26 o 0.0001
20 20
0.4A 8.670.3B 8.270.3B 6.84 o 0.0004
0.3A 8.170.2B 11.070.4C 36.75 o 0.0001
20 20
70.077 0.32470.076 0.23270.086 2.230 0.102
7 6
70.871A 4.16471.019A,B 5.43670.895B 4.898 o 0.01
5 7
dy size. Time-independent analyses of recovery temperature from cold
ment (min) was highly significant as a covariate). F and P refer to
ilar superscript cap letters represent statistically homogeneous groups
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Sex-related variation in mass, water content, desiccation rate and




Males Females F P
Fresh body mass
(mg)a





















2.77270.471 2.51770.560 0.007 0.936
N 7 5
Least-squares adjusted means are presented for mass-independent
comparisons (ANCOVA). Desiccation and metabolic rate were
measured at 25 1C, 50mlmin1, 0% relative humidity.
aAnalysis results given for log10 transformed data comparisons.
bGLM, covariate: log10 dry body mass.
cGLM, covariate: log10 mean experimental body mass.
























Body Mass (log10 g)
µW = 1294 Mass 0.74
1
Fig. 1. The relationship between log10 standard metabolic rate and
log10 fresh body mass for 162 species of adult Coleoptera (open circles)
extracted from published literature, including this study’s field-fresh
C. chalcoptera (filled square). Filled circles indicate other chrysomelid
species.
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most cases (except for female dry mass). Therefore, log10
transformed fresh body mass data were used to correct
analyses of desiccation rate and metabolic rate for
individual variation in mass. Males and females differed
in their live and dry masses, and inclusion of live mass
into the ANCOVA models of body water content and
desiccation rate revealed no effect of sex on these
variables that was independent of size (Table 3). The
acclimation treatments did not affect desiccation rate
(Table 2).
3.5. Metabolic rate
Discontinuous or cyclic ventilation patterns were not
observed in any CO2 release traces recorded from
Chirodica chalcoptera. Metabolic rate did not differ
between male and female field-fresh beetles (Table 3).
Nevertheless, to avoid potential confounding sex-related
acclimation differences (see Das and Das, 1982a, b),
only male beetles were used to investigate the effects of
acclimation on metabolic rate. After 7 days of acclima-
tion, 25 1C-acclimated beetles had higher mass-indepen-
dent metabolic rates relative to field-fresh and 12 1C-
acclimated beetles, but were similar to the 19 1C
acclimation group (Table 2). Metabolic rates ofC. chalcoptera were within the range of the variation
found in inter-specific log10 metabolic rate-mass scaling
relationships among adult Coleoptera (n ¼ 161), and
were hardly different from values found for similar-sized
chrysomelid beetles (Fig. 1).4. Discussion
C. chalcoptera is in many ways a typical temperate-
environment beetle species. Although the adults are chill
susceptible (see Bale, 1993), they can survive brief
exposures to sub-zero temperatures and show a sig-
nificant rapid cold hardening response. Rapid cold
hardening could be explained as a mechanism that
enables C. chalcoptera to survive unpredictable cold
events that are common within their natural thermal
habitat: extreme and unpredictable cold front conditions
are not uncommon throughout the year in the Western
Cape (e.g. Tyson and Preston-Whyte, 2000; Sinclair and
Chown, 2005). Rapid cold hardening is thought to play
this role in a variety of other insect species, enabling
them to survive unexpected and potentially lethal short-
term declines in temperature (Lee et al., 1987; Kelty
and Lee, 1999, 2001). The cold hardiness strategy of
C. chalcoptera is similar to other chrysomelid species.
Adult Aulacophora nigripennis (Chrysomelidae) in Japan
have only limited chill tolerance (Watanabe and
Tanaka, 1999), and adults of the Colorado potato
beetle (Leptinotarsa decemlineata, Chrysomelidae) can-
not survive freezing (Mail and Salt, 1933; Lee et al.,
1994). By contrast, the only two adult chrysomelids
which may be described as cold tolerant, Melosoma
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Fig. 2. Ordinary least-squares regression lines of the relationships
between log10 metabolic rate and log10 water loss rate obtained from
the equations provided by Addo-Bediako et al. (2001) for xeric and
mesic insect species. Relative to its metabolic rate, C. chalcoptera
(filled square) appears to have a mesic rate of water loss.
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strongly freeze tolerant (Sømme and Conradi-Larsen,
1979; van der Laak, 1982).
The upper and lower critical limits of the adults of this
species are typical of many temperate species (see Addo-
Bediako et al., 2000), and the overall thermal tolerance
range (CTMax–CTMinOnset) of just over 42 1C is
consistent with the pattern of thermal responses shown
by temperate insects (Chen et al., 1990; Chown, 2001;
Klok and Chown, 2003; Chown and Nicolson, 2004). In
C. chalcoptera, CTMax declined significantly with
acclimation (Table 2), although no data were available
for the highest treatment temperature. Nonetheless,
the difference in CTMax between all the treatments was
less than 1 1C, whereas the CTMinOnset temperatures
were significantly affected by acclimation, spanning a
range of 2.6 1C over an acclimation range of 13 1C.
Similar, if not greater, responses were found for the
temperature of CTMinRecovery when comparing means
adjusted for experimental duration (Table 2). These
findings are broadly consistent with the observations
that in insects upper and lower critical thermal limits are
typically decoupled, with lower thermal limits showing
greater variation and a more plastic response to
acclimation than upper limits (Chown, 2001; Chown
and Nicolson, 2004; Kimura, 2004; Hoffmann et al.,
2005; see also examples in Kingsolver and Huey, 1998).
The standard metabolic rate of adult C. chalcoptera is
similar both to other Coleoptera and to other chry-
somelid species of the same size (Fig. 1). Although high-
carbohydrate nectar probably makes up a significant
portion of the diet of C. chalcoptera, suggesting that an
RQ of 0.84 may have resulted in erroneous estimates of
the SMR of this species, this was not the case. The
position of C. chalcoptera in the interspecific scaling
relationship is relatively insensitive to changing RQ
(RQ ¼ 0.7, log10 mW ¼ 2:03; RQ ¼ 0.84, log10 mW ¼
2:00; RQ ¼ 1.0, log10 mW ¼ 1:91), at least from the
perspective of the scaling relationship. Perhaps of more
significance is the fact that metabolic rates and body
sizes are available for only an extremely small fraction
(50.01%) of the potential number of extant beetle
species (Gaston, 1991), and representative data for only
5 chrysomelid species could be obtained from the
literature. The frequency distribution of log10 mass
(in g) among all the beetle species examined in the
metabolic rate-body mass relationship presented in
Fig. 1 was left-skewed owing to the paucity of small
species (Shapiro-Wilk W ¼ 0:624, Po0:0001). There-
fore, the inter-specific mass-scaling relationship pre-
sented in Fig. 1 could be altered significantly with the
addition of new data, especially if these data fall into the
extreme ends of the body size classes. Thus, conclusions
regarding the extent to which metabolic rate of this
species can be considered typical cannot be made with
confidence at this point.Acclimation had a strong, significant and positive
effect on metabolic rate, such that metabolic rates of
individuals held at 25 1C were 1.5 times higher than
those of individuals held at 12 1C. This is the opposite of
what has been termed compensation or metabolic cold
adaptation (the conservation of rate in the face of a
temperature decline (see Hazel and Prosser, 1974;
Chown and Gaston, 1999)). However, the effect was
most pronounced at 25 1C, whereas the difference
between individuals held at 12 and 19 1C was much
smaller and not significant. Given that mortality was
considerable at the highest acclimation temperature, it
may well be that the high metabolic rates are an
indication of considerable stress, and should therefore
be disregarded (see Woods and Harrison, 2002 for
rationale). If this were to be done then there would be
evidence of compensation as has been found in a variety
of other insect species at the intraspecific level (reviewed
in Chown and Gaston, 1999). However, the opposite
pattern (of elevated metabolic rates at high tempera-
tures) is characteristic of many other ectotherms
(Clarke, 1993; Lardies et al., 2004) and therefore should
not be dismissed without additional investigation.
The adults of C. chalcoptera have relatively high
desiccation rates (which vary depending on size but not
on gender), and are more similar to mesic than to xeric
species, as is clear from a plot of mean metabolic rate
and mean desiccation rate for this species against the
consensus equations derived by Zachariassen (1996),
and confirmed by Addo-Bediako et al. (2001), for xeric
and mesic species (Fig. 2). High water loss rates are
perhaps unsurprising given the protected environment
within which the adults live, and the time of year at
which they are active (autumn–winter, which are both
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of those from temperate environments, and this is true
also of the absence of a response of desiccation rate to
thermal acclimation. Although Gibbs et al. (1998) found
increases in cuticular hydrocarbon melting points (but
no changes in hydrocarbon mass) with high temperature
acclimation (33 1C) in a desert-dwelling Drosophila,
desiccation rate remained unaffected by acclimation to
either warm or cold temperature (17 1C). Similar results
have been documented for woodlice (Isopoda: Oniscoi-
dea) (Cloudsley-Thompson, 1969). However, Hoffmann
et al. (2005) showed that a summer acclimation
treatment generally improved desiccation resistance
(time to death) in several Drosophila melanogaster
populations relative to a constant temperature regime.
Owing to the paucity of studies, it is difficult to
determine how general the present results are. Thermal
acclimation effects on desiccation resistance are not
commonly investigated, despite the fact that tempera-
ture has a substantial effect on the drying power of the
air (Chown and Nicolson, 2004).
In sum, this work has shown that the adults of
C. chalcoptera are typically mesic-temperate insects.
Although microclimate temperatures in the Protea
inflorescences they inhabit did not reach the CTMax,
CTMinOnset or lower lethal temperatures of the beetles,
maximum temperature was reasonably close to the
CTMax of the adults. Moreover, the adults are clearly
also much more sensitive to desiccation than species that
are typical of the arid environments to the north and
east of the Fynbos Biome. Thus, if climates change to
the extent predicted for the region, including elevated
temperatures and a decline in rainfall as well as a shift of
the regime towards summer, rather than winter rainfall
(Midgley et al., 2003) (which likely means an increase in
sunshine duration and therefore heat budget of the
inflorescences), then the physiological tolerances of this
species might well be exceeded, even though there may
be no shortage of resources given that it inhabits at least
three different Protea species (Mostert et al., 1980). If
the tolerances of the species were exceeded, and this
would not have to take place for a particularly
protracted period, that might mean a substantial change
to ecosystem functioning of those Fynbos areas in which
this beetle is common, especially because it is an
important food source for the locally abundant and
functionally significant avian pollinator—the Cape
Sugarbird (Promerops cafer) (Mostert et al., 1980;
Johnson, 1992). The outcome of these changes cannot
be predicted with any certainty, but the present data
suggest that similar investigations need to be undertaken
for other insects that are of significance in the Fynbos
Biome (see e.g. Johnson and Steiner, 1997, 2003) given
the rapid changes that are taking place in the region and
that are forecast for the next 50 years (Midgley et al.,
2003; Rouget et al., 2003).Acknowledgements
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